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Experiments in the Tokamak Fusion Test ReadiFTR) [Phys. Plasmag, 2176 (1995] have
explored several novel regimes of improved tokamak confinement in deuterium—t(um)
plasmas, including plasmas with reduced or reversed magnetic shear in the core and high-current
plasmas with increased shear in the outer re¢idgh ;). New techniques have also been developed

to enhance the confinement in these regimes by modifying the plasma-limiter interaction timough
situdeposition of lithium. In reversed-shear plasmas, transitions to enhanced confinement have been
observed at plasma currents up to 2.2 Md,£4.3), accompanied by the formation of internal
transport barriers, where large radial gradients develop in the temperature and density profiles.
Experiments have been performed to elucidate the mechanism of the barrier formation and its
relationship with the magnetic configuration and with the heating characteristics. The increased
stability of high-current, high; plasmas produced by rapid expansion of the minor cross section,
coupled with improvement in the confinement by lithium deposition has enabled the achievement of
high fusion power, up to 8.7 MW, with D—T neutral beam heating. The physics of fusion
alpha-particle confinement has been investigated in these regimes, including the interactions of the
alphas with endogenous plasma instabilities and externally applied waves in the ion cyclotron range
of frequencies. In D—T plasmas witly,>1 and weak magnetic shear in the central region, a
toroidal Alfven eigenmode instability driven purely by the alpha particles has been observed for the
first time. The interactions of energetic ions with ion Bernstein waves produced by mode conversion
from fast waves in mixed-species plasmas have been studied as a possible mechanism for
transferring the energy of the alphas to fuel ions. 1@97 American Institute of Physics.
[S1070-664X97)92305-3
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I. INTRODUCTION these different operational regimes and compare the achieved
Since the Tokamak Fusion Test Readf6FTR)® began reactivity with that of extrapolations based on experience in

its deuterium—tritiun(D—T) phase of operation in December d:auhterlum.pilas?as.. In ?ﬁc' .V;ve p\r/?sentdrecentt) rers]ults in
1993, more than 1.2 GJ of D—T fusion energy has beef P a-particle physics while in Sec. VI we describe the ex-

produced. Over this period, 841 plasmas containing higr;?eriments with heating by waves in the ion-cyclotron range

concentrations of tritium have been made for a wide variet)f)f frequenues{lCRF) in various plasma and wave coupling

of experiments. About 90 g of tritium has been processedr.eg'mes'
TFTR has achieved high availability for experiments while
maintaining a recor_d of safe operation and cg_mpliance witql_ REVERSED-SHEAR PLASMAS
the regulatory requirements of a nuclear facility. The toka-
mak, heating systems, and power supplies have all been op- Plasmas with reversed magnetic shear in the central re-
erated at, or beyond, their original design specifications. gion are produced in TFTR by applying a period of low-

During the first year of D—T operation, experiments con-power neutral beam injection(NBIl) heating (typically
centrated on achieving the maximum fusion power in order<10 MW), to large cross-section plasmas while the toroidal
to validate the extrapolability of experience in deuteriumcurrent is being ramped up to its final leeThis heating,
plasmas to D—T plasmas and to study alpha-particle physiaeferred to as the NBI “prelude,” and the large plasma size
in the most reactor relevant conditioh®uring that period, combine to inhibit penetration of the induced current,
it became apparent that the fusion performance of TFTR wathereby creating a hollow current profile and reversed mag-
being limited by plasma stability and that the development ofetic shear. After the final current has been reached, a period
alternate modes of operation could extend its ability to ex-of high-power NBI is applied to study the confinement and
plore reactor relevant phenomena in D—T plasmas. For thstability properties. The high-power phase may be followed
last 18 months, therefore, considerable effort has been ddéy a second period of lower power NBI, known as the
voted to developing new operational regimes which offer the‘postlude” phase, to sustain the period of ERS confinement.
possibility of increased plasma stability while preserving theThe g profile of a reversed-shear plasma may be character-
good confinement and extremely high fusion reactivity ofized, at the most basic level, by the minimagmg,,i,, and by
existing TFTR regimes. the normalized minor-radiugy,in(=r/a) of the surface of

In February 1995, it was discovered that plasmas inrminimum q. Experiments in 1995 had developed a reliable
TFTR with reversed magnetic sheaig(dr < 0) in the cen- startup for reversed-shear plasmas at a plasma current
tral region could undergo a spontaneous transition during,=1.6 MA (major radius R,=2.60 m; minor radius
neutral beam heating to a state of enhanced confinement, tlae=0.90 m; toroidal magnetic fielr=4.6 T, q,~5.8).
so-called enhanced reverse sh@aRS regime? which ap-  These plasmas generally hag2y i, < 3 andp i, = 0.3—0.4
peared to be associated with the formation of a localize&nd in those plasmas that underwent ERS transitions, the
transport barrier in the interior of the plasma. A similar re-region of improved confinement appeared to coincide with
gime was also discovered in the DIII-D tokaniakt about the region of shear reversal, i.ps<pmi,. The 1.6 MA ERS
the same time and has since been studied in several tokplasmas exhibited a limiting Troyon-normalizgd- By
maks, including JT-608) and the Joint European Torus (=1OBBTaBT/Ip, where Br=2uy(p)/B2 and (p) is the
(JET).> Although it is produced by a different heating volume-average plasma pressuref about 2; this modest
method, namely neutral beam injection, the ERS regime hag-limit was attributed to the small volume of high-pressure
strong similarities to two other regimes of improved confine-plasma within the transport barrier.
ment involving modification of the profile, namely the pel- The 1996 reversed-shear experiments continued to use
let enhanced performance mode in S&Rd that occurring in  this reliable 1.6 MA plasma for studies of ERS transition
Tore-Supra with lower-hybrid current driveSince reversed physics and the formation of the transport barfidnut a
magnetic shear also offers the prospect of improved stabilitgonsiderable effort was also devoted to exploring higher cur-
to certain pressure-driven magnetohydrodynaridHD) rent scenarios with the goal of producing plasmas having
modes, the ERS regime seemed particularly attractive fot <q,,<2 and largerp, which theoretical studié$ had
further exploration in TFTR. Experiments with this regime in suggested would have a substantially improy&tmit. A
the 1996 run are described in Sec. Il. plasma current of 2.2 MA, correspondingdg~ 4.3 with the

A second line of investigation grew out of previous ex- other major parameters held fixed, was chosen for this devel-
periments to improve plasma stability by creating moreopment because it was expected to be compatible with pro-
highly peaked current profiles through current rampd8wn. ducing a D-T fusion power approaching 10 MW Af,
This technique, which increases the internal inductance paslightly greater than 2.
rameter,l;, of the plasma, and produces what is called the  To produce reversed shear at lovagr, it is necessary to
highd; regime, had already achieved high normalizZdnd  avoid deleterious MHD instabilities, sometimes resulting in
significant fusion power, but was limited operationally in its disruptions, during the current ramp phase, particularly when
extrapolability to higher performance. An innovative methodthe edgeq passes through integral values. In standard TFTR
has now been developed to produce hightasmas at much operation, the plasma is grown in minor cross-section during
higher plasma current. Experiments utilizing this techniquethe current ramp to bring thg, to its final value as early as
will be described in Sec. Il possible and then to maintain it constant; this procedure re-

In Sec. IV we discuss the D—T reactivity achieved in sults in rapid current penetration and usually inhibits MHD
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experienced by the JT-60U team developing reversed-shear
plasmas in that devick.

Once a reliable startup had been developed, it was found
that ERS transitions resulting in an improvement in global
confinement, such as those observed at 1.6 MA, did not oc-
cur spontaneously under similar conditions at high current,
possibly because the threshold power for the transition had
increased beyond the available NBI powé€rhe peak deu-
terium NBI power available for ERS studies has been limited
to about 29 MW because a longer total NBI heating duration
2+ Pmin =0.40 2.2MA = is required in thi de of tion t th lude and

Prnin = 0.55 quired in this mode of operation to span the prelude an
postlude phasesHowever, the transient formation of re-
gions of increased gradient in the temperature profiles, par-
ticularly of the electron temperature, as opposed to the den-
sity profile, was observed in some 2.2 MA reversed-shear

_ _ plasmas. These events were found to be associated with
FIG. 1. Theg-profiles calculated for 2.2 MAsolid) and 1.6 MA(dashedg . . . 5 .
reversed-shear plasmas at the end of the neutral beam prelude. The solidnin crossing rational values, partlcmar%iﬂ_i and 3; at
points are the motional Stark effetMSE) data for the 2.2 MA plasmas. higher rational values the temperature perturbation became
ConditionsR,=2.60 m,a = 0.95 m,B; = 4.6 T. Schematic waveforms of progressively weaker. This phenomenon, while not produc-
the plasma current and neutral beam power are shown in the inset. ing profound changes in overall confinement, may shed light
on the underlying mechanisms of confinement in these com-

activity during the current ramp. In order to avoid the MHD plex plasmas.

o . . Experience at lower current had suggested a role for
activity during the reversed-shear startup, it was found nec- i . .
. . : edge conditions in determining the threshold power for the
essary to program brief reductions in the current ramp rat

. TAERS transition. In particular, the use of lithium pellet injec-
and the prelude NBI heating power as the_ troublesome |_nte,[-i0n before the start of the high-power NBI phay 0.1—
gral g, values were approached. Disruptions were particu-

larly a problem if, in addition to passing through an integral0'5 9 had been found to reduce the threshold power. Lithium

0. the value ofg,, was simultaneously close to a rational pellet injection was also found to stimulate ERS transitions
ar min

value. As shown in Fig. 1, shear reversal was produced oveéf’t 2.2 MA, but only when the pellet injection essentially

a larger radius at the higher current. However, the desireﬁomc'ded with the start of the high-power phase: a delay of

reduction ing,i, could not be achieved simultaneously. De- as rl]lttle as 0515 S be'(l\ggeg_é??h pelflfet ?ng_ thet;tartﬁoftthfe
spite variations of the startup phase, including variations o 1gh-power pnase would Inhibit the etect, -5Ince the etiect o
the prelude NBI and the introduction of partial plasma ithium injection on wall influxes is knowtt to persist for

growth to increase current penetration, within the accessibld©r0ds of the'olrder of 1, the mechgnlsm for stimulation of
reliable range of startup conditions at 2.2 MA, lowf;, the ERS transition by the pellet must involve other effects on

could only be achieved at the expense of redyggd. This tge pIas_ma,I pe(rjhgpshon thlf h_e "?‘“”9 andhterr:j pﬁ rature prlgglgs.
apparent relationship betweep,,, and pi, is illustrated in nce stimulated by the pellet injection, the high-current

Fig. 2. Similar difficulty in achievingy,;;<2 has also been phase resembled that at lower current: the plasma developed
a very well-confined core inside a region of very steep gra-

dients, particularly in the density, as illustrated in Fig. 3.
4 : : : : : _ Comparing the 1.6 and 2.2 MA data in this figure, it can be
seen that the location of the transport barrier has indeed ex-
panded with the increase p,,, as observed in similar re-
gimes in other deviceb'? Analysis of the transport in the
high-current ERS plasmas shows that, as at lower current,
the ion thermal and the particle diffusivities are reduced but
that the electron thermal diffusivity is only slightly affected.
The suppression of the transport in the ERS regime is corre-
1 4 lated with a reduction inside the transport barrier in the level
of turbulent density fluctuations measured by a multi-channel
microwave reflectometérf. The fluctuations become sup-

0.0 0.5 1.0
Normalized Minor Radius p (=r/a)

0 : : : : ' pressed at the time of the ERS transition and reappear when
00 01 02 03 04 05 06 the plasma reverts to L-mod®w-confinementtowards the
Prmin end of the NBI pulse.

Whereas some 1.6 MA ERS plasmas had reacgBgd
FIG. 2. Values o, andqp, at the start of the high-power NBI phase for  ~ 2 0 without disruption, the 2.2 MA ERS plasmas suffered

1.6 MA (open circleg and 2.2 MA(solid triangleg plasmas with varying . . - .
startup conditions. Plasmas wiph,,>0 have reversed shear. Also shown is frequent disruptions, not only during the high-power NBI

the trajectory in time followed by one 2.2 MA plasma. The radial error barspha}se whenBy was rising but also, as ShOVYn .in .Fig. 4,
indicate the variability of;, within a 0.1 s window about each time point. during the postlude phase wh@y wasdecreasingn time.
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take advantage of advanced operating modes, such as ERS,
B 1 in the future. While theg-limit at 1.6 MA in TFTR, By
~2.0, appears low compared to the highest value reported
for this regime in DIII-D¥? it is actually very similar to the
highest values reached in high-performance reversed-shear
modes in JT-608and in JEP at comparable magnetic field.
While considerable time during the last run was devoted
to developing the ERS regime and studying the physics of
the associated transport barrier, only a few such plasmas
were attempted in D-T, all of these at 1.6 MA. The long
overall NBI pulses required for the reversed-shear startup
provides a practical constraint on the number of D—T shots
that can be taken in this mode of operation in any one ex-
periment. When D—T NBI was applied to 1.6 MA reversed-
shear plasmas, it was found that the threshold power for the
, . . ERS transition was considerably higher than for D-only NBI.
FIG. 3. Profiles of the electrpn density _for 2.2 Molid) and 1.6 MA _ Whereas with a well-conditioned limiter. about 16 MW of
(dashedl ERS plasmas at the time of maximum plasma energy. The radii of ) o » “
minimumg at the start of the high-power NBI phase are indicated. The ERSD-NBI (six NBI source$ was sufficient to induce an ERS
transport barrier, indicated by the abrupt change in the density gradientransition, 27 MW was required in D—{even T-NBI and
moves out Withp i, three D-NBI sources at which power level the plasma
would rapidly approach thg-limit following the ERS tran-

The highest normalizeg-achieved at 2.2 MA was 1.45. The sition. The variation of the threshold power with isotopic
cause of this lows-limit has been investigated experimen- mixture and also with magnetic fi€lgrrovide clear tests for

tally and theoretically* The disruption is believed to arise thegne; of ERS'tcglnflr;erTen't.tAs a retshultg;tshe ldlfflculty t?]f
from the growth of an ideal infernal/kink mode with toroidal producing a suitable Tuel mixture in the plasmas, the

mode numben=1 that is driven primarily by the pressure maximum DT fusion power produced by an ERS plasma

gradient in the region of low magnetic shear around the surhas only reached 3.1 MW, although higher D—T power has

face of minimumg. During the ERS phase, extreme pressurebeen reached in both non-ERS reversed-shear plasmas and

- er?{asmas with weak positive shear havipg> 1. The 2.2 MA
when the NBI power is reduced in the postlude due to the(eversed-shear plasmas suﬁereq from an agd_itional impedi-
low transport. The progressive reduction of {Bdimit with ment to D_T operation: the lithium pellets |nje9t§d at the
time occurs because, as theprofile evolves on a resistive start 9f the hlgh—power NB.’I .to produce ERS tranS|t|on§ com-
time scale, g, approaches 2. Parametric studies Ofpromlsed the fusmn reactivity of these plasmas. The |'nt.ernal
reversed-shear stability have shown that {Bdimit de- transport barrier of the ERS plasmas caused the injected

creases whem,, is close to low-order rational valudg. lithium to be retained in the plasma core, significantly dilut-

This emphasizes the importance of developing techniques fdpg the reacting species. The Iithiu_m Qensity profile mea-
ured by charge-exchange recombination spectroscopy was

controlling both the current and pressure profiles if we are t& .
also found to have a very steep gradient at the transport

barrier during the ERS phase, similar to the electron density
profile. In 2.2 MA deuterium ERS plasmas, the peak DD

-t
o

o
3

Electron density (1029m-3)

0.0
0.0 0.5 1.0

Normalized Minor Radius p (=r/a)

. 20— reactivity was between 40% and 80% of that expected on the
‘2‘ L traigiﬁon ] basis of the plasma total stored energy, scaling from both
F 15F ] ERS plasmas at 1.6 MA and supershots in similar conditions
€ r ] of plasma size, current, and magnetic field. This suggests
2 - ] that accumulation of helium ash may pose a problem for
£ 10fF - achieving sustained ignition in the ERS regime without ac-
o L tive helium removal techniques.
ks i ]
5 05 . 7]
£ s
<Z> C lll. HIGH-/; REGIME EXPERIMENTS

0'01 5 3.5 Plasmas in the high- regime, with the current profile

modified by ramping down the total current before or during
the NBI heating pulse, have previously been shown to have
FIG. 4. Evolution of the normalizeg, By, for three 2.2 MA ERS plasmas improved stability, as measured by increases in the
which disrupted at decreasing valuesif as time progressed, indicating an  normalizedg sustainable without disrupticﬁquwever, in
evolution of the pressure amﬂ_proﬂles towards reduced stabl_llty_. The times terms of the absolutﬂ-, B, such plasmas did not exceed the
and By values at the disruption for other such shots are indicated by thj@ . .

solid points. The high-power NBI phase starts at 2.0 s in each case and las€Vel that could have been achieved at the maximum plasma
0.5-0.6 s. The approximate time of the ERS transitions is indicated. current before the current rampdown. A new technique has
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) ) ) . ) ~ FIG. 6. Comparison of the evolution of high{2.0 MA, 4.75 T, shown
FIG. 5. Technique for producing high-by cross-section expansion. This sglid) and supershda2.5 MA, 5.1 T, dashedD—T plasmas producing simi-
plasma is initiated on the outer limiter. The edgés rapidly reduced to 2.3 |5r fusion power. Both plasmas ha=2.52 m,a=0.87 m during NBI.
and maintained there until 1.4 s when the plasma is moved onto the innefhe internal inductance calculated from magnetic diagnostic data is extrapo-
limiter-raising g, to 3.2 to allow the injection of four lithium pellets for |ated through the NBI pulse when the plasma pressure becomes anisotropic.

limiter conditioning. At 3.7 s, the boundary is expanded again before NBIThe increase in the normalize@Himit is proportional to the increase in
starts at 4.0 s. The plasma current is slightly reduced during the final expar:

sion to conserve poloidal flux.

inner region of the plasma. The centgalvas measured to be
been developed in TFTR to produce current profiles similain the range 0.75-0.80+0.04).
to those generated by rampdown but at higher plasma These plasmas were extensively studied using both
current®® The technique, which is illustrated in Fig. 5, in- D-only and D—T NBI. With extensive lithium conditioning
volves producing a high-current Ohmically heated plasmapplied to the limiter, the high-plasmas exhibited confine-
with reduced minor cross-section, and therefore, very lowment properties very similar to supershots. The lithium con-
edgeq, typically 2.3. This lowg plasma is then expanded in ditioning was performed by the standard TFTR technique of
cross-section immediately before NBI heating to produce aellet injectiort! and, once, by a new technique of evapora-
plasma with a low current density in the outer region andtive coatingin situ. This utilized a small oven inserted on a
consequently, increased internal inductance. The major tagkobe into the vacuum chamber between shots which depos-
in developing this regime was to produce the Iqplasma ited the equivalent of about 50 standard lithium pellets. This
in a way that was compatible with achieving good limiter technique was successful in enhancing the confinement on
conditioning, i.e., low edge influxes of both hydrogen iso-the subsequent five or six shots with high-power NBI. Ulti-
topes and carbon, during the NBI phase. This was acconmmately, however, the major limitation on D—T fusion perfor-
plished by starting the plasma on the outboard limiter, withmance of the high; plasmas during the last run period was
an aspect ratio of 7 initially, using gas puffing to control the power handling capability of the limiter. At high NBI
MHD activity while g, was reduced to 2.3, and then, after power in D—T, the influx of hydrogen isotopes and lithium
the current had been raised at constgnt making a transi- from the edge increased dramatically during the pulse, de-
tion to the main inboard limiter where lithium pellet condi- grading confinement to the point where it was not possible to
tioning could be applied to control the edge influxes. Oncereach theg-limit at the highest plasma current. Preliminary
optimized, the lowg, phase of these discharges was remark-experiments were conducted at the end of the last run inves-
ably reproducible and devoid of MHD activity, although, tigating the use of a radiating boundary, induced by puffing
following the final expansion, locked modes occasionally deinto the plasma small amounts of either argon or krypton, to
veloped. These modes, which increased the edge influxagduce the peak power flux to the limiter. While the initial
during the NBI and degraded confinement, were controlledesults were encouraging, i.e., the radiated power fraction
by a brief period of co-tangential NBI which induced rapid could be increased significantly without affecting global con-

plasma rotation before the main NBI pulse. finement adversely, there was not time to develop this tech-
This new highl; startup was developed for plasma cur- nique for use specifically with the high-D—T plasmas.
rents up tol, = 2.3 MA (R=2.52m, a=0.87 m, By In order to test theB-limit in the highd; regime, it was

=5.5T). The productl,-1-1;, wherel, is the threading necessary to reduce both the plasma current and the toroidal
current of the toroidal field coil, which is a measure of thefield. In a plasma withl;=2.0 MA, B1=4.74 T, which
expected maximum plasma energy content, reachedchieved a transient confinement time of 0.24 s, a fusion
208 MA? in these plasmas, exceeding the maximum propower of 8.7 MW was reached before the plasma disrupted
duced with normal supershot startup techniques at higheat a normalizeq3 of 2.35. The evolution of this shot during
plasma current. Compared to standard plasmas with the sanNBI is compared with that of a high-current supershot pro-
global parameters, the sawtooth inversion radius was exducing a similar fusion power in Fig. 6. This shot at reduced
panded as a result of the increased current density in theurrent and field was the only highplasma which reached
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the B-limit and the only one which disrupted during the NB 1 , ——

heating phas&® If the power handling capability of the = g Por=10.7MW | 3
TFTR limiter can be improved through the use of a radiating % & . .
boundary, or other means, the high-current versions of the 2 £ I bT. i
highd; plasmas already developed should be capable of pro- % 2 01¢ E
ducing D-T fusion power considerably above 10 MW. “é 2 ]
IV. SCALING OF DT REACTIVITY AND MODELING "E 001F =
FROM D PLASMAS 2L F DD CogE (b) x165 E
: : . ) e~ I e ) x130-150 ]
An important issue for the design of future fusion ex- < - il %110-120 .
periments is the extrapolability of data obtained from experi- 0.001 Y -0|1 o‘2

ments with deuterium plasmas to eventual operation with
D-T plasmas. There are two types of effects to consider
here'. effects due to. changes in the energy depenc'ience of tFﬁS 7. In NBl-heated supershots and higtplasmas, there is a close rela-
reaction cross-sections and effects on the_ plasma itself resulfznship between the volume-average plasma energy dersity ¢ 3B2)
ing from the change in plasma composition, the so-calledind the volume-average fusion power density for both DD
isotopic effects. While the first type might seem straightfor-(=(W)*9) and DT (= (W)"") reactions. The data is for plasmas with
ward to calculate, the result can be changed significantly if2 MA and volumes 31-46 fn The DT plasmas are restricted to those

. b bi . f bl h f th ith nearly optimal D—T mixture. The arrowed lines indicate the reactivity
practice _y a combination of su te. changes o t € SeCONLhio achievable under various constrairtt: for constantg; (b) for con-
type, particularly because a plasma is usually subject to muktant NBI power, taking advantage of the isotope effect on global confine-
tiple constraints simultaneously. For example, in TFTR, ament; (c) at maximum supershot performance, taking advantage of the
change from D to T NBI is accompanied by a change in"dher NBI power available with tritium NBI.
beam acceleration voltage, total beam power, beam species

mix, pO\_Ner_and Pa”ic_'e deposition profiles,_ripple Io_ss, b"3""‘r.%tability limits to achieving high fusion performance and
thermalization time, ion and electron heating fractions, anq:lemonstrates that the extrapolation of the highest perfor-

_alsg alchar;f?e 'E the under(ljylfng confinement of thhe thermalz, 5\ ce D-only results, which are often limited by stability or
1€ paslm - The expeﬁte _us!zn rt_aacltl(;/lty en ancementpower handling, to D—T plasmas is not a simple matter of
in D—T plasmas over otherwise identical deuterium counter;yqsajized species substitution.

parts can be estimated from the ratio of the velocity-

v_ve|ghted fusmq cross-sections for DT and D!D reactions. F_O(/_ ALPHA-PARTICLE PHYSICS

fixed fuel density and temperatures the fusion power ratio,

Po_1/Pp_p, of purely thermal reactions reaches an idealized  Alpha-particle physics continues to be a major focus of
maximum of~ 225 forT;~12 keV, but the ratio falls to 150 the TFTR D-T program. Recent experiments in this area
at T;=30keV. In plasmas with a significant population of include the study of toroidal Alfue eigenmodesTAES)
nonthermal fuel ions from neutral beam injection, the beamdriven by the alpha particles in plasmas with reduced mag-
target reactivity enhancement also drops fér above netic shear in the central region, and measurements of the
15 keV. Furthermore, in D—T plasmas, the ion temperature igffects of sawteeth on the spatial and energy distributions of
generally higher than in comparable D plasmas, which is @onfined alpha particles.

manifestation of the favorable isotopic effect but which ac-  Despite careful scrutiny, the early D—T plasmas in
tually penalizes the D—T reactivity. As a result, the measuredFTR, which were predominantly in the supershot regime,
ratio of fusion power in TFTR supershots-sl15 if plasmas showed no signs of any TAE instability attributable to the
with the same stored energgre compared. This ratio would presence of the energetic fusion alpha particles, despite
be appropriate if the D plasma were at tBdimit, for ex-  reaching central3, up to about 0.3%. Recently, the more
ample. When comparing plasmas with the saheating comprehensive TAE theory, which was developing in paral-
power, the isotope effect on confinement raises the DT fu-lel with and driven by these experiments, suggested that by
sion power and the fusion power ratio is therd40. Further- modifying theq profile in the core of the plasma, it might be
more, higher neutral beam power can be achieved with D—Possible to destabilize the TAE in TFTR? This would
operation due to the higher neutralization efficiency of tri-occur if the gap structure in the Alfmecontinuum were more
tium. As a result of this increase in power, the highest DTclosely aligned to the region of the highest spatial gradient in
fusion power is actually 165 times the highest DD fusionthe alpha-particle pressure. Thus, a search for TAE instabil-
power achieved in TFTR. However, it must be noted that taty was recently undertaken in plasmas with increased central
achieve this power ratio, the plasma energy increased frormg, qo=1.1-2.5 and reduced magnetic shear in the central
5.6 MJ in the D plasma to 7.0 MJ in the D—T plasma. Thisregion. As predicted by the theory, transient modes in the
complex behavior is illustrated in Fig. 7. This figure makesAlfvén frequency range, 150—250 kHz, with toroidal mode
use of the fact that in TFTR supershots, in which the plasmaumbem = 2, 3, 4, were observed in D-T plasmas 0.1-0.3 s
energy is dominated by the ion component, a very confollowing the end of the NBI heating pul$&?2 Over this
strained relationship is observed between the plasma energiynescale following NBI, the alpha-particle population re-
and the fusion power output in both D and D—T plasifas. mains sufficiently energetic to drive the TAE, but the NB-
The data in Fig. 7 emphasizes the importance of improvindnjected ions, which damp the instability, have become ther-

Volume-Average Plasma Energy Density (W) (MJm-3)
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FIG. 9. Radial profiles of confined alphas near the center of TFTR f&)m
] the Alpha-CHERS system, measuring predominantly passing alphas in the
r ' 1 energy range 0.15-0.6 MeV, afio) the PCX diagnostic, measuring deeply
trapped alphas at an energy of 1.2 MeV. The sawtooth crash causes a sig-
2.9 3.0 31 nificant redistribution of the alphas from inside to outside dgel radius.
Time (s) The dashed lines indicate calculations of the profiles after the crash based on
models of the reconnection. Plasma conditiong;=2.0 MA, By
FIG. 8. Observation of a core-localized TAE driven by fusion alpha- =51 T, R,=2.52 m,a=0.87 m.
particles in a plasma with weak magnetic shear ggd 1. (a) NBI heating
power, normalized3 and 3, . (b) Frequency spectrum of Mirnov fluctua-
tions in the TAE range of frequencies. Three modes are successively excited

in the period follqwmg NBI. Then=3 mode was also observed on a core power to D—T plasmas. Effective heating was previously re-
channel of the microwave reflectometer. . . L
ported using the second-harmonic tritium resonance, not
only in D—T supershot plasma52® where the presence of

malized. The TAE has been observed both on signals frorRé@m-injected tritons ensured good RF absorption, but also
Mirnov coils and on a microwave reflectometer signal fromin Ohmically heated, gas-fueled target plasmias(0)
the regionr/a=0.3—0.4 which coincides with the maximum ~5X10"m™3, T,(0) ~ 3 keV initially] prototypical of the
VA3.,. Typical results for a plasma withp=1.1-1.3 are Startup phase of ITER.
shown in Fig. 8. The mode rises in frequency as the density The ICRF heating using the fundamental hydrogen-
at the mode location decays following the NBI pulse. Forminority coupling scheme in D and D—T plasmas provides a
these plasmas, the TAE was observed when the peak fusidflidue means to examine the scaling of electron transport
power exceeded 2.5 MW, correspondingAq(0)>0.03%  With plasma isotopic composition because the heating is es-
at the onset of the mode. These alpha-driven TAEs have n&€entially independent of the majority-ion composition. Fur-
yet been sufficiently strong to cause detectable losses of tHBermore, the regime resembles that of alpha-particle heating
alpha particles. in plasmas withT;~T, considered prototypical of ignited
Measurements have been made of the effects of the nati!asmas in ITER. For neutral beam heating, the situation is
rally occurring sawtooth oscillations on the spatial and encomplicated by differences in the beam composition, ioniza-
ergy distributions of the confined alpha particles in D—Ttion, and thermalization processes for D and T and the fact
plasma$? Passingnontrappeflalpha particles in the energy that the auxiliary power flows to the electrons predominantly
range 0.15-0.6 MeV are detected by charge-exchange rérough coupling with the hotT;>Te) thermalized ions. An
combination radiation spectrometry(Alpha-CHERS,24 ~ experiment was conducted to compare the confinement of
while trapped alphas in the energy range 0.5-3.8 MeV ar@0ominally D-only (80% D, 1% T, 8% H, 2%-3% JCand
detected as escaping neutral helium atoms following doubl®—T (~40% D, ~40% T, 5% H, 2%-3% Cplasmas fu-
charge-exchange of alphas with neutrals in a pellet ablatiofled by gas puffing® The ICRF power up to 4.4 MW at
cloud (PCX).%> A comparison of the radial profiles of the two 43 MHz was applied for 1.2 s. The H-minority heating pro-
classes of alpha particles before and after sawtooth crash fie was calculated to be similar and the total stored energy in
shown in Fig. 9. Calculations of the distributions following the energetic minority-ion tail, determined from the pressure
the crash using a magnetic reconnection model are als@nisotropy measured by the magnetic diagnostics, was the
shown?® For the trapped particles, satisfactory agreemengame for the D and DT plasmas. Calculations showed neg-
with the data can be obtained by including not only the mag/igible absorption of the ICRF power by either the second-
netic effects but also that of the helical electric field inducedh@rmonic D or the third-harmonic T resonance in either case.
by the reconnection. The substantial redistribution of alphad he global confinement time of the DT plasmas was con-
produced by the sawtooth may pose a problem for reactorgiStently higher than their D-only counterparts, consistent

designed to operate in regimes where large, albeit infrequen®/ith @ scaling of confinement time with average isotopic
sawteeth are expected. mass,A, 7z « AY wherey=0.3-0.5. This is illustrated in

Fig. 10. While this scaling is roughly consistent with both
previous results from TFTR using NBI heating in both su-
pershot and L-mode regim&sand the ITER empirical

Heating of D—T plasmas by waves in the ion-cyclotronL-mode scaling® it clearly contradicts the gyro-Bohm scal-
range of frequencie@CRF) is proposed for the International ing character of the global confinement which has been in-
Thermonuclear Experimental ReactdfER)?® as a means ferred from some previous experiments in other tokamaks on
of reaching ignition. TFTR has been in a unique position tothe scaling of confinement with normalized gyro-radius in
study the physics of various schemes for coupling ICRFotherwise dimensionally similar plasmsts.
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VI. RF HEATING EXPERIMENTS IN D—T PLASMAS

1720 Phys. Plasmas, Vol. 4, No. 5, May 1997 Bell et al.

Downloaded-30-Nov-2005-t0-198.35.4.75.~Redistribution-subject-to-AlP-license-or-copyright,~see=http://pop.aip.org/pop/copyright.jsp



0.26 sorber of the fast waves, thereby blocking the mode-

L L conversion process. For future experiments, it is planned to
02o5L-===1-~<._ DT ] use isotopically enrichefLi for the conditioning process in
L Te-al TFTR since its charge-to-mass ratio coincides with that of
004 05 e | deuterium and the intrinsic carbon impurity. It should be
ol Te(Dy<A ~ noted thafBe, the only stable isotope of beryllium, also has
¢ oosk s i a charge—to-mass ratio bgtween .tritium and depterium, which
) B------ - P c_ou_ld make its presence in the first-wall materlals_ a threat to
T~ similar ICRF heating schemes for D—T plasmas in ITER.
0.221 D “~\ ] The difficulty of obtaining efficient IBW mode conver-
T ‘IEFI L sion in D—T plasmas during the last experimental run pre-
0-2130 a5 20 a5 A vented a direct test of the physics basis for the alpha-

channeling schem®,i.e., the process of coupling part of the
energy of fusion alpha particles to the fuel ions through a
fe. 1 ) i callv d ned conti ~_series of wave-patrticle interactions, rather than through col-
ga(z;fugl'eg%mapggsgff pﬁainzgzgﬂggf: dybyeltgg;”gowiornu';igeﬁ_tnmgﬂ't;\isional processes that tend to heat electrons rather than ions.
coupling. The lines are separated by the square root of the average isotopidOWeVer, experiments were conducted to characterize the
mass ratio between the D and D-T plasmas. interaction of energetic ions with the IBW produced by mode
conversion in D3He plasmas using the 43 MHz generators
at a toroidal field of 4.4—5.3 T. Some of these energetic ions

A scheme for electron heating and current drive utilizingdlffuse onto unconfined orbits, are lost from the plasma, and

mode conversion of the ICRF fast wave to an ion Bernsteirf ¢ _detected by an array of four energy and pltch—angle_ re-
wave (IBW) in a mixed-species plasma has previously beer‘?OIV'ng detectors near the vacuum vessel wall at poloidal
demonstrated in TFTE333*|n 3He—*He plasmas with the angles 03f7 20°, 45° 60°, and 90° below the outboard
composition controlled by gas puffirig electron heating on m@plane. With these detectors,'lt has'been posglble to
axis to 11 keV was observed with 4 MW of coupled ICRF verify two feqtures .Of the 1BW m'geractlon ess.entla'l for

power at 43 MHz. Using the same rf frequency and field inalpha-channellng. First, by comparing the lost-ion signals
3He—D plasmas with a slightly high@He fraction, the heat- during co-pa_rallel NBI for different spectra of the ICRF

ing was localized off axis;/a~0.15, and a hollow electron WVaV€S: nominally co- and counter-parallel, we have con-

temperature profile was generated which persisted for up tgrmed the reversal of the parallel wave vector of the IBW

0.3 s, about twice the global energy confinement of theWith respect to the fast-wave spectrum. Such a reversal is

plasma. Currents up to 0.12 MA driven by the mode-,:.mu're;j tf)or the ghzatnr&egngtlnteractht?]. tiec?é]\?\} tr?e mtt()arac—
converted IBW(the MCCD schemehave been inferred by |onsdot eam-mjer(]: ?h eu”grpnT wi i .f . thave een
comparing plasmas with co- and counter-directed phasing Ofpun 0 approac € cofisioniess fimit, 1.e., the wave-

the launched waves; the driven currents were in good agre article coupling is strong enough for channgling to occur at
ment with theoretical predictions d g reasonable ICRF power levels, about 3 MW in TFTR. On the

Prior to the 1996 TFTR experiments, the generatoréJaSis of these results, simulations have been performed

driving two of the ICRF launchers were modified to operate\’\’h'c_h show t_hat_ Ina D-T _reversed-shear p!asma n TFTR'
cooling of a significant portion the alpha-particle population,

at 30 MHz for mode-conversion studies in D—T plasmas. An diated by the IBW int i Id b ted and that
experiment was conducted in which the tritium fraction of Meaiated by the inteéraction, could be expected and that,

the plasma ifiy/n,) was varied from about 15% to 55% to furthermore, a characteristic signature of the process would

scan the D—T ion—ion hybrid resonance layer across the cell?-e observable in the lost-alpha distributin.

tral region. The ICRF power coupled directly to the electron

by the IBW remained unexpectedly low, in the range 10%§VH' SUMMARY AND PLANS

30%, rather than the 80%—90% expected for tritium fractions  In the past year, substantial progress has been made in
above about 30%. An explanation for this discrepancy mayleveloping two newly discovered advanced operational re-
be found in the use of lithium injection in preceding experi-gimes in TFTR. The high; regime has already produced DT
ments, both for confinement enhancement and to promotision power of 8.7 MW at lower current and toroidal mag-
ERS transitions. As a result of this extensive use of lithiumnetic field than supershots producing comparable power.
even after some effort had been made to clean the limiter by¥his technique for increasing the stability of the plasma, uti-
running discharges with high-power H-minority ICRF heat- lizing expansion of an ultra-low Ohmic plasma prior to

ing, a small amount of lithium continued to be introduced atneutral beam heating, has already been extended to higher
the edge from the limiter, resulting in a lithium concentra-currents and awaits the application of new techniques for
tion, estimated spectroscopically to be abont;/n,  wall conditioning and for handling the power load to the
~0.5%, in the core of the target plasmas for the modeiimiter to achieve higher fusion power and, therefore, self-
conversion experiments. The natural lithium used for condieating of the plasma by the fusion alpha particles. In the
tioning consists mainly92%) of ‘Li, which has a charge-to- reversed-shear regime, progress has been made in developing
mass ratio(0.43 between those of deuterium and tritium, plasmas at higher current. The internal transport barriers
with the result that it becomes an efficient minority-ion ab-characteristic of the ERS plasmas have been produced at

ICRF Power (MW)

Phys. Plasmas, Vol. 4, No. 5, May 1997 Bell et al. 1721

Downloaded-30-Nov-2005-t0-198.35.4.75.~Redistribution-subject-to-AlP-license-or-copyright,~see=http://pop.aip.org/pop/copyright.jsp



higher current in deuterium plasmas, but only by usingM. G. Bell, K. M. McGuire, V. Arunasalam, C. W. Barnes, S. Batha, G.
lithium pellet injection to stimulate the transition; this has Bateman, M. Beer, R. E. Bell, M. Bitter, N. L. Bretz, R. Budny, C. E.

: PR b : : _Bush, S.R. Cauffman, Z. Chang, C. S. Chang, C. Z. Cheng, D. S. Darrow,
resulted in significant lithium contamination of the well R. Dendy, W. Dorland, H. Duong, R. Durst, P. C. Efthimion. D. Ermst, H.

cpnf_lrjed plasma core which reduce.d the fusion reactivity Evenson, N. Fisch, R. Fisher, R. J. Fonck, E. D. Fredrickson, G. Y. Fu, H.
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not !ncreaSEd 5|gn|f|cantly,_ apparently_because the trans_porfieblanc, F. M. Levinton, J. Machuzak, R. P. Majeski, D. K. Mansfield, E.
_bamer andq profile evolve in a \_’Vay V_Vh|Ch decreases Sta_lb'l' Mazzucato, M. Mauel, J. McChesney, D. C. McCune, G. McKee, D. M.
ity through the ERS phase. This points out the necessity of Meade, S. S. Medley, D. R. Mikkelsen, S. V. Mimov, D. Mueller, G. A.
developing tools to control transport barriers if we are to Navlfa“L R. NaZ”ga”' D-hﬁl-_ Owens, :_'I-I_K- F’Sark'_V\:]- Park, P. Parks, S. F.
; ; ; _Paul, M. Petrov, C. K. Phillips, M. Phillips, S. Pitcher, A. T. Ramsey, M.

make use of them In advanced.tOkamak deS|_gns. In th.ls. re . Redi, G. Rewoldt, D. Roberts, J. Rogers, E. Ruskov, S. A. Sabbagh, M.
gard' progress has be?n made in underStand'ng the origin o asao, G. Schilling, J. Schivell, G. L. Schmidt, S. D. Scott, |. Semenov, S.
the reduced transport in the TFTR ERS plasmas through thesesnic, C. H. Skinner, B. C. Stratton, J. D. Strachan, W. Stodiek, E.
stabilization of microturbulence by sheared plasma flow, as Synakowski, H. Takahashi, W. Tang, G. Taylor, J. Terry, M. E. Thomp-

discussed by Synakowskt a|_9 In view of the lithium dilu- son, W. Tighe, S. von Goeler, R. White, R. M. Wieland, J. R. Wilson, K.
tion and stability issues encountered at high current, D-T L. Wong, P. Woskov, G. A. Wurden, M. Yamada, K- M. Young, M. C.
Yy g9 ! Zarnstorff, and S. J. Zweben, Nucl. Fusi®B 1429(1995 and references

ERS plasmas were only investigated at lower current. In jisted therein.
these experiments, there were clear indications that the NBF. M. Levinton, M. C. Zarnstorff, S. H. Batha, M. Bell, R. E. Bell, R. V.

power threshold for the ERS transition was higher in D—T Budny, C. Bush, Z. Chang, E. Fredrickson, A. Janos, J. Manickam, A.
than in D plasmas Ramsey, S. A. Sabbagh, G. L. Schmidt, E. J. Synakowski, and G. Taylor,

. . . Phys. Rev. Lett75, 4417(1995.
In weak-shear plasmas witho>1, a TAE instability  sg 'y spait, L. L. Lao, M. E. Mauel, B. W. Rice, T. S. Taylor, K. H.

driven by the fusion alpha particles has been observed for thesurrell, M. S. Chu, E. A. Lazarus, T. H. Osborne, S. J. Thompson, and A.
first time. The observation of this mode, which was predicted D. Turnbull, Phys. Rev. Let75, 4421(1995.

theoretically to occur in specific plasma conditions, provides - Fulita, S. lde, H. Kimura, Y. Koide, T. Okawa, S. Takeji, H. Shirai, T.
y P P P Ozeki, Y. Kamada, S. Ishida, and the JT-60 Team, “Enhanced core con-

strong conflrmathn f_o_r the val!dlty of TAE theory which ha_s finement in JT-60U reversed discharges,” Rroceedings of the 16th
been advanced significantly since the start of D—T operation|AEA Fusion Energy ConferencMlontreal, Canada, 7-11 October 1996,
on TFTR. The observed redistribution of alpha particles by Paper IAEA-CN-64/Al-4(International Atomic Energy Agency Vienna,

sawteeth and its theoretical explanation provides important™ Press. o _
C. Gormezano for the JET Team, “Optimisation of JET plasmas with

data for th,e design of ITER. . current profile control,” inProceedings of the 16th IAEA Fusion Energy
Following the 1996 experiments, the vacuum vessel of conferenceMontréal, Canada, 711 October 1996, Paper IAEA-CN-64/

TFTR was opened, for the first time in three years of inten- A5-5 (International Atomic Energy Agency, Vienna, in press

sive D—T operation, to install new ICRF antennas and t0°G. Schmidt for the JET Team, Rlasma Physics and Controlled Nuclear

. . _— - Fusion ResearctRroceedings of the 12th International Conference, Nice,
upgrade some dlagnostlc CapabllltleS, partlcularly the MSE 1988(International Atomic Energy Agency, Vienna, 19890l. 1, p. 215.

system. With one of the new ICRF antennas, which has beenmp, voreau, B. Saoutic, G. Agarici, B. Beaumont, A. Becoulet, G. Berg-
installed in the IBW polarizationEgdIB), it is intended to erby, P. Bibet, J. P. Bizarro, J. J. Capitain, J. Carrasco, T. Dudok de Wit,
produce controllable transport barriers in TFTR similar to C- Gil. M. Goniche, R. Guirlet, G. Haste, G. T. Hoang, E. Joffrin, K.

: : : : _ e Kupfer, H. Kuus, J. Lasalle, X. Litaudon, M. Mattioli, A. L. Pecquet, Y.
those achieved in Princeton Beta Experiment-Modified Peysson, G. Rey, J. L. Segui, and D. Van HouttePlmsma Physics and

39 ; g
(PBX-M)*in the SQ'Ca”ed CH" mode. The other two new  controlled Nuclear Fusion ResearcRroceedings of the 14th Interna-
ICRF antennas will have four, rather than two, conductor tional Conference, Waburg, 1992International Atomic Energy Agency,
straps which will improve thek-spectrum of the waves Vienna, 1993 Vol. |, p. 649.

s .
; ; : ; S. A. Sabbagh, M. E. Mauel, G. A. Navratil, M. G. Bell, C. E. Bush, R. V.
launched into the plasma. This will provide better control Budny, D. S. Darrow, E. Fredrickson, B. Grek, R, J. Hawryluk, H. W,

an.d localization of thg drivgn. current in the MCCD scheme. errmann, A. Janos, D. W. Johnson, L. C. Johnson, B. LeBlanc, D. K.
With these modifications, it is hoped to extend the perfor- mansfield, D. C. McCune, K. M. McGuire, D. Mueller, D. K. Owens, H.
mance of the ERS regime in particular, both by increasing K. Park, A. T. Ramsey, C. Skinner, E. J. Synakowski, G. Taylor, R. M.

the ,8-Iimit and by avoiding the contamination of the well- Wielgnd, M. C. Zarnstorff, S. J. Zweben, S. H. Batha, F. _M. Levinton, S.
P. Hirshman, D. A. Spong, and J. Kesner,Hlasma Physics and Con-

confined P'?Sma core _that occurs a§ a result of the IIthlumtrolled Nuclear Fusion Research 199Rroceedings of the 15th Interna-
presently injected to stimulate formation of the transport bar- tional Conference, Seville, 199nternational Atomic Energy Agency,
rier. This would open the door to more extensive studies of Vienna, 1995, Vol. 1, p. 663.

D-T and alpha—particle physics in this regime E. J. Synakowski, S. H. Batha, M. A. Beer, M. G. Bell, R. E. Bell, R. V.
' Budny, C. E. Bush, P. C. Efthimion, T. S. Hahm, G. W. Hammett, B.

LeBlanc, F. Levinton, E. Mazzucato, H. Park, A. T. Ramsey, G. Schmidt,
ACKNOWLEDGMENTS G. Rewoldt, S. D. Scott, G. Taylor, and M. C. Zarnstorff, Phys. Plasinas

. . 1736(1997.
In undertaklng these experiments, we have depended O‘B'I\/I. W. Phillips, M. C. Zarnstorff, J. Manickam, F. M. Levinton, and M. H.

the skill and hard work of the entire staff of the TFTR Hughes, Phys. Plasmas 1673(1996.
Project. We thank them for their dedication and their unstint+'D. K. Mansfield, K. W. Hill, J. D. Strachan, M. G. Bell, S. D. Scott, R.

ing efforts. We thank Dr. R. C. Davidson for his support and Budny, E. S. Marmar, J. A. Snipes, J. L. Terry, S. Batha, R. E. Bell, M.
Bitter, C. E. Bush, Z. Chang, D. S. Darrow, D. Ernst, E. Fredrickson, B.

encour.agemenlt. Grek, H. W. Herrmann, A. Janos, D. L. Jassby, F. C. Jobes, D. W.
This work is supported by U.S. Department of Energy jonnson, L. C. Johnson, F. M. Levinton, D. R. Mikkelsen, D. Mueller, D.

Contract No. DE-AC02-76-CH03073. K. Owens, H. Park, A. T. Ramsey, A. L. Roquemore, C. H. Skinner, T.

1722 Phys. Plasmas, Vol. 4, No. 5, May 1997 Bell et al.

Downloaded-30-Nov-2005-t0-198.35.4.75.~Redistribution-subject-to-AlP-license-or-copyright,~see=http://pop.aip.org/pop/copyright.jsp



Stevenson, B. C. Stratton, E. Synakowski, G. Taylor, A. von Halle, S. von Zavereev, and S. ZwebeRlasma Physics and Controlled Nuclear Fusion

Goeler, K. L. Wong, S. J. Zweben, and the TFTR Group, Phys. Pla8mas
1892(1996.

2E. A. Lazarus, G. A. Navratil, E. J. Strait, B. W. Rice, J. R. Ferron, C. M.
Greenfield, M. E. Austin, D. R. Baker, K. H. Burrell, T. A. Casper, V. S.

Chan, J. C. DeBoo, E. J. Doyle, R. Durst, C. B. Forest, P. Gohil, R. J.

Groebner, W. W. Heidbrink, R.-M. Hong, W. A. Houlberg, A. W. How-
ald, C.-L. Hsieh, A. W. Hyatt, G. L. Jackson, J. Kim, R. J. La Haye, L. L.
Lao, C. J. Lasnier, A. W. Leonard, J. Lohr, R. Maingi, R. L. Miller, M.
Murakami, T. H. Osborne, L. J. Perkins, C. C. Petty, C. L. Rettig, T. L.

Research 1994Proceedings of the 15th International Conference, Seville,
1994(International Atomic Energy Agency, Vienna, 199%0l. 1, p. 171.

18G. Y. Fu, C. Z. Cheng, R. Budny, Z. Chang, D. S. Darrow, E. Fredrickson,
E. Mazzucato, R. Nazikian, and S. Zweben, Phys. Rev. [7&t.2336
(1995.

20D, A. Spong, B. A. Hedrick, and B. A. Carreras, Nucl. Fusigh1687
(1995.

21R. Nazikian, S. H. Batha, M. G. Bell, R. E. Bell, R. V. Budny, C. E. Bush,
Z. Chang, Y. Chen, C. Z. Cheng, D. S. Darrow, H. H. Duong, P. C.

Rhodes, S. A. Sabbagh, D. P. Schissel, J. T. Scoville, A. C. C. Sips, R. T. gfthimion, E. D. Fredrickson, G. Y. Fu, N. N. Gorelenkov, B. Leblanc, F.

Snider, F. X. Stner, G. M. Staebler, B. W. Stallard, R. D. Stambaugh, H.
E. St. John, R. E. Stockdale, P. L. Taylor, T. S. Taylor, D. M. Thomas, A.
D. Turnbull, M. R. Wade, R. Wood, D. G. Whyte, “Stability in high gain
plasmas in DIII-D,” 16th IAEA Fusion Energy Conferenchlontreal,
Canada, 7-11 October 1996, Paper IAEA-CN-64/All2ternational
Atomic Energy Agency, Vienna, in press

18E. Mazzucato, S. Batha, M. Beer, M. G. Bell, R. Bell, R. Budny, C. E.
Bush, P. C. Efthimion, T. S. Hahm, G. Hammett, B. LeBlanc, F. M.
Levinton, R. Nazikian, H. Park, S. Paul, G. Rewoldt, G. Schmidt, S. D.
Scott, E. J. Synakowski, W. M. Tang, G. Taylor, and M. C. Zarnstorff,
“Turbulent fluctuations in the main core of TFTR plasmas with negative
magnetic shear,”16th IAEA Fusion Energy Conferencévontreal,
Canada, 7—11 October 1996, Paper IAEA-CN-64/AP2{dbgernational
Atomic Energy Agency, Vienna, in press

143, Manickam, E. Fredrickson, Z. Chang, M. Okabayashi, M. Bell, R.
Budny, W. Park, G. Schmidt, M. C. Zarnstorff, F. Levinton, S. Batha, T.
C. Hender, C. G. Gimblett, R. J. Hastie, M. Phillips, M. H. Hughes, and S.
A. Sabbagh, “MHD stability studies in reversed shear plasmas in TFTR,”
16th IAEA Fusion Energy Conferendglontreal, Canada, 7—11 October
1996, Paper IAEA-CN-64/A5-2International Atomic Energy Agency,
Vienna, in press

153, A. Sabbagh, E. D. Fredrickson, D. K. Mansfield, M. G. Bell, S. H.
Batha, R. Bell, R. V. Budny, C. E. Bush, Z. Chang, R. J. Hawryluk, D. W.
Johnson, F. Levinton, J. Manickam, K. M. McGuire, D. Mueller, F. Pa-
oletti, H. K. Park, A. T. Ramsey, C. H. Skinner, E. J. Synakowski, H.
Takahashi, G. Taylor, L. Zakharov, and M. C. Zarnstorff, “Deuterium—
tritium TFTR plasmas with high internal inductancel6th IAEA Fusion
Energy ConferengeMontreal, Canada, 7—11 October 1996, Paper IAEA-
CN-64/AP2-17(International Atomic Energy Agency, Vienna, in press

18E. D. Fredrickson, S. A. Sabbagh, M. Bell, D. Mansfield, S. Batha, Z.
Chang, F. Levinton, K. M. McGuire, M. Okabayashi, G. Taylor, H. Ta-
kahashi, M. Hughes, J. Manickam, M. Phillips, and L. Zakharov, Phys.
Plasmast, 1589(1997).

7S, D. Scott, M. C. Zarnstorff, C. W. Barnes, R. Bell, N. L. Bretz, C. Bush,

Z. Chang, D. Ernst, R. J. Fonck, L. Johnson, E. Mazzucato, R. Nazikian,

S. Paul, J. Schivell, E. J. Synakowski, H. Adler, M. Bell, R. Budny, E.

Fredrickson, B. Grek, A. Janos, D. Johnson, D. McCune, H. Park, A.zg

Ramsey, M. H. Redi, G. Taylor, M. Thompson, and R. Wieland, Phys.

Plasmas2, 2299(1995.

18M. G. Bell, C. W. Barnes, R. V. Budny, L. R. Grisham, R. J. Hawryluk, D.

L. Jassby, L. C. Johnson, D. R. Mikkelsen, C. H. Skinner, J. D. Strachan,

H. Adler, P. Alling, J. L. Anderson, G. Barnes, S. Batha, G. Bateman, M.

Beer, R. Bell, M. Bitter, W. Blanchard, N. Bretz, C. Bush, R. Camp, M.

Caorlin, Z. Chang, C. Z. Cheng, J. Collins, M. Cropper, D. Darrow, W.

Dorland, H. Duong, R. Durst, P. Efthimion, D. Ernst, N. Fisch, R. Fisher,

R. Fonck, E. Fredrickson, G. Y. Fu, T. Fujita, H. Furth, C. Gentile, N.

Gorelenkov, B. Grek, G. Hammett, W. Heidbrink, H. Herrmann, K. Hill, .,

29

Levinton, R. Majeski, E. Mazzucato, S. S. Medley, H. K. Park, M. P.
Petrov, D. A. Spong, E. J. Synakowski, G. Taylor, S. von Goeler, R. B.
White, K. L. Wong, and S. J. Zweben, “Observation of alpha-particle
driven toroidal Alfven eigenmodes in TFTR DT plasmas16th IAEA
Fusion Energy Conferenc&lontreal, Canada, 7—11 October 1996, Paper
IAEA-CN-64/A2-4 (International Atomic Energy Agency, Vienna, in
press.

227, Chang, R. Nazikian, G.-Y. Fu, R. B. White, S. J. Zweben, E. D. Fre-
drickson, S. H. Batha, M. G. Bell, R. E. Bell, R. V. Budny, C. E. Bush, L.
Chen, C. Z. Cheng, D. Darrow, B. LeBlanc, F. M. Levinton, R. P.
Majeski, D. K. Mansfield, K. M. McGuire, H. K. Park, G. Rewoldt, E. J.
Synakowski, W. M. Tang, G. Taylor, S. von Goeler, K. L. Wong, L.
Zakharov, and the TFTR group, Phys. Plasma$610(1997.

M. P. Petrov, N. N. Gorelenkov, R. V. Budny, Z. Chang, D. S. Darrow, H.
H. Duong, R. K. Fisher, R. J. Fonck, H. W. Herrmann, G. R. McKee, S. S.
Medley, A. Odblom, A. L. Roguemore, B. C. Stratton, F. Wising, R. B.
White, Y. Zhao, and S. J. Zweben, “Sawtooth mixing of alpha particles in
TFTR D-T plasmas,”16th IAEA Fusion Energy Conferencilontreal,
Canada, 7-11 October 1996, Paper IAEA-CN-64/AZ}aternational
Atomic Energy Agency, Vienna, in press

%G, McKee, R. Fonck, B. Stratton, R. Bell, R. Budny, C. Bush, B. Grek, D.
Johnson, H. Park, A. Ramsey, E. Synakowski, and G. Taylor, Phys. Rev.
Lett. 75, 649(1995.

R, K. Fisher, J. M. McChesney, P. B. Parks, H. H. Duong, S. S. Medley,
A. L. Roquemore, D. K. Mansfield, R. V. Budny, M. P. Petrov, and R. E.
Olson, Phys. Rev. Letf75, 846(1995.

26| TER Detailed Design RepotDraft), September 1996; for general infor-
mation on ITER, see P. H. Rebut, Fusion Eng. Design85 (1995.

27C. K. Phillips, M. G. Bell, R. Bell, N. Bretz, R. V. Budny, D. S. Darrow,

B. Grek, G. Hammett, J. C. Hosea, H. Hsuan, D. Ignat, R. Majeski, E.

Mazzucato, R. Nazikian, H. Park, J. H. Rogers, G. Schilling, J. E. Stevens,

E. Synakowski, G. Taylor, J. R. Wilson, M. C. Zarnstorff, S. J. Zweben,

C. E. Bush, R. Goldfinger, E. F. Jaeger, M. Murakami, D. Rasmussen, M.

Bettenhausen, N. T. Lam, J. Scharer, R. Sund, and O. Sauter, Phys. Plas-

mas2, 2427(1995.

G. Taylor, B. LeBlanc, M. Murakami, C. K. Phillips, J. R. Wilson, M. G.

Bell, R. V. Budny, C. E. Bush, Z. Chang, D. Darrow, D. R. Ernst, E.

Fredrickson, G. Hanson, A. Janos, L. C. Johnson, R. Majeski, H. K. Park,

D. A. Rasmussen, J. H. Rogers, G. Schilling, E. Synakowski, and J. Wil-

gen, Plasma Phys. Controlled Fusi®8 723 (1996.

R. Majeski, J. H. Rogers, S. H. Batha, A. Bers, R. Budny, D. Darrow, H.

H. Duong, R. K. Fisher, C. B. Forest, E. Fredrickson, B. Grek, K. Hill, J.

C. Hosea, D. Ignat, B. LeBlanc, F. Levinton, S. S. Medley, M. Murakami,

M. P. Petrov, C. K. Phillips, A. Ram, A. T. Ramsey, G. Schilling, G.

Taylor, J. R. Wilson, and M. C. Zarnstorff, Phys. PlasrBa2006(1996.

C. K. Phillips, S. D. Scott, M. Bell, R. Bell, C. E. Bush, H. H. Duong, J.

J. Hosea, H. Hsuan, M. Hughes, A. Janos, F. Jobes, D. Johnson, J. Ka- - PE
mperschroer, J. Kesner, S. Kruger, H. Kugel, P. LaMarche, B. LeBlanc, F. C- Hosea, D. Jassby, R. Majeski, S. S. Medley, H. Park, M. P. Petrov, A.
Levinton, M. Loughlin, J. Machuzak, R. Majeski, D. Mansfield, E. Mar- Ramsey, J. H. Rogers, G. Schilling, C. H. Skinner, E. Synakowski, G.
mar, E. Mazzucato, M. Mauel, J. McChesney, B. McCormack, D. Mc- Taylor, and J. R. Wilson, “Scaling of confinement with isotopic content in
Cune, K. McGuire, G. McKee, D. Meade, S. Medley, S. Mirnov, D. Muel- deuterium and tritium plasmas,” submitted to Phys. Rev. Lett.

|er’ M. Murakami’ J. Murphy’ A. Nagy’ G. NavratiL R. Nazikian’ R. 315. D. SCOtt, G. W. Hammett, C. K. Ph|”|p5, E. J. Synak0W5k|, S. Batha,
Newman, T. O’Connor, M. O|daker‘ J. Ongena’ M. Osakabe, D. K. M. A. Beer, M. G. BeII, R. E. BeII, R. V. Budny, C.E. BUSh, W. Dorland,
Owens, H. Park, S. Paul, G. Pearson, M. Petrov, C. Kierag.Phi”ipS‘ M. P. C. Efthimion, D. Ernst, E. D. Fredrickson, J. C. Hosea, S. Kaye, M.
Phillips, S. Pitcher, A. Ramsey, M. Redi, D. Roberts, J. Rogers, R. Ross- Kotschenreuther, F. M. Levinton, Q. P. Liu, R. Majeski, D. M. McCune,
massler, A. Roguemore, E. Ruskov, S. Sabbagh, M. Sasao, G. Schilling, J.D. R. Mikkelsen, S. von Goeler, H. K. Park, A. T. Ramsey, J. H. Rogers,
Schivell, G. Schmidt, S. Scott, I. Semenov, S. Sesnic, C. Skinner, R. S. A. Sabbagh, G. Schilling, C. H. Skinner, G. Taylor, R. Waltz, J. R.
Sissingh, J. Stevens, T. Stevenson, B. Stratton, W. Stodiek, E. Syna-Wilson, and M. C. Zarnstorff, “Isotope scaling of heating and confine-
kowski, H. Takahashi, G. Taylor, J. Terry, M. Thompson, W. Tighe, J. ment in multiple regimes of TFTR,'16th IAEA Fusion Energy Confer-
Timberlake, K. Tobita, H. Towner, C. Vannoy, M. Viola, S. von Goeler, ence Montreal, Canada, 7-11 October 1996, Paper IAEA-CN-64/A6-6
A. von Halle, D. Voorhees, R. Wieland, M. Williams, J. R. Wilson, K. L. (International Atomic Energy Agency, Vienna, in press

Wong, P. Woskov, G. Wurden, M. Yamada, K. Young, M. Zarnstorff, V. *2C. C. Petty, T. C. Luce, K. H. Burrell, S. C. Chiu, J. S. deGrassie, C. B.

Phys. Plasmas, Vol. 4, No. 5, May 1997 Bell et al. 1723

Downloaded-30-Nov-2005-t0-198.35.4.75.~Redistribution-subject-to-AlP-license-or-copyright,~see=http://pop.aip.org/pop/copyright.jsp



Forest, P. Gohil, C. M. Greenfield, R. J. Groebner, R. W. Harvey, R. I.

C. Z. Cheng, H. H. Duong, J. Fang, N. J. Fisch, R. Fisher, E. D. Fredrick-

Pinsker, R. Prater, R. E. Waltz, R. A. James, and D. Wroblewski, Phys. son, G. Y. Fu, R. F. Heeter, W. W. Heidbrink, H. W. Herrmann, M. C.

Plasmas2, 2342(1995.

3R. Majeski, J. H. Rogers, S. H. Batha, R. Budny, E. Fredrickson, B. Grek
K. Hill, J. C. Hosea, B. LeBlanc, F. Levinton, M. Murakami, C. K. Phil-
lips, A. T. Ramsey, G. Schilling, G. Taylor, J. R. Wilson, and M. C.
Zarnstorff, Phys. Rev. Let{Z6, 764 (1996.

34). Rogers, J. C. Hosea, B. LeBlanc, R. Majeski, C. K. Phillips, G. Schill-
ing, J. R. Wilson, S. Batha, M. G. Bell, D. S. Darrow, H. Duong, K. W.
Hill, F. M. Levinton, S. S. Medley, M. Petrov, E. J. Synakowski, G.
Taylor, M. C. Zarnstorff, S. J. Zweben, and the TFTR Group, “ICRF
heating and current drive experiments on TFTRBth IAEA Fusion En-
ergy ConferenceMontreal, Canada, 7—11 October 1996, Paper IAEA-
CN-64/EP-2(International Atomic Energy Agency, Vienna, in press

35As a result of the intrinsic influx from the limiter, these nominally helium
plasmas also contained 20% D, expressed as a fraction of the electron
density. Since D anfHe have the same cyclotron frequency, they coop-
erate in determining the mode-conversion layer.

38N. J. Fisch and J. M. Rax, Phys. Rev. L&8, 612 (1992.

Herrmann, K. Hill, E. F. Jaeger, R. James, R. Majeski, S. S. Medley, M.

» Murakami, M. Petrov, C. K. Phillips, M. H. Redi, F. Ruskov, D. A. Spong,

E. J. Strait, G. Taylor, R. B. White, J. R. Wilson, K.-L. Wong, and M. C.
Zarnstorff, Phys. Plasm&& 1875(1996.

38N. J. Fisch, M. C. Herrmann, D. S. Darrow, H. P. Furth, R. F. Heeter, H.
W. Herrmann, J. C. Hosea, R. Majeski, C. K. Phillips, J. Rogers, G.
Schilling, S. J. Zweben, “Prospects for alpha channeling: Initial results
from TFTR,” 16th IAEA Fusion Energy Conferendelontreal, Canada,
7-11 October 1996, Paper IAEA CN-64/A2(Mternational Atomic En-
ergy Agency, Vienna, in press

39, LeBlanc, S. Batha, R. Bell, S. Bernabei, L. Blush, E. de la Luna, R.
Doerner, J. Dunlap, A. England, I. Garcia, D. Ignat, R. Isler, S. Jones, R.
Kaita, S. Kaye, H. Kugel, F. Levinton, S. Luckhardt, T. Mutoh, M. Oka-
bayashi, M. Ono, F. Paoletti, S. Paul, G. Petravic, A. Post-Zwicker, N.
Sauthoff, L. Schmitz, S. Sesnic, H. Takahashi, M. Talvard, W. Tighe, G.
Tynan, S. von Goeler, P. Woskov, and A. Zolfaghari, Phys. Plastnas

%’D. S. Darrow, S. J. Zweben, S. Batha, R. V. Budny, C. E. Bush, Z. Chang, 741 (1995.

1724 Phys. Plasmas, Vol. 4, No. 5, May 1997

Bell et al.

Downloaded-30-Nov-2005-t0-198.35.4.75.~Redistribution-subject-to-AlP-license-or-copyright,~see=http://pop.aip.org/pop/copyright.jsp



